The design and trajectory computation algorithms of an innovative Flight Management System (FMS) for Unmanned Reusable Space Vehicle (URSV) are presented. The proposed FMS features a number of common functionalities with modern aircraft FMS that enable flight planning in non-segregated airspace, as well as specific features for optimal trajectory generation and space segment monitoring of the flight mission. The general avionics architecture of URSV is presented and the specific FMS algorithms are developed to cope with the flight vehicle optimal trajectory planning and monitoring. Simulation case studies are performed in a realistic operational scenario resulting in the rapid generation of feasible trajectories, ensuring no violation of the defined mission and vehicle dynamics constraints. Additionally, error budget analysis is performed on longitudinal profile trajectories to evaluate the URSV performance.
Introduction
Unmanned platforms are being increasingly adopted for both atmospheric and space applications despite the access to civil airspace remains currently restricted to segregated areas. Similar to the manned aircraft versions, Flight Management System (FMS) for unmanned platforms is the core avionics component to introduce extensive automation algorithms for a number of Navigation, Guidance and Control (NGC) tasks. In this paper, we propose an innovative FMS design, which incorporates both conventional aircraft FMS capabilities [1 -3] and spacecraft re-entry trajectory generation algorithms, enabling non-segregated operations of Unmanned Reusable Space Vehicles (URSV) in civilian airspace. The Space Shuttle's entry guidance system [4] is used as a reference for re-entry trajectory planning. Guidance systems based on angle of attack (α) and bank angle (µ) modulations [5] on quasi-equilibrium glide condition [6] and tracking of aerodynamic acceleration [7] have been developed. An improved methodology for re-entry trajectory planning based on the creation of a drag acceleration profile as a function of energy has been developed [8] and is used as a baseline.
Avionic Systems Architecture
The avionic systems conceived for the URSV include an FMS, a Communications System (CS), a Flight Control System (FCS), a Mission Management System (MMS) for strategic/space orbital management, a Remote Piloting Management System (RPMS), which manages data exchanged via CS to the remote Human Machine Interface and Interaction (HMI 2 ) station, an Obstacle Avoidance System (OAS) and a Rendezvous and Docking System (RVDS). FCS translates FMS/RPMS/OAS guidance or manual steering command inputs to actuators commands. Fig. 1 illustrates functional architecture of the spacecraft avionic systems including the FMS subsystems listed in Table 1 . The FMS performs optimal trajectory planning, negotiation and tracking tasks. The FMS interacts with Air Traffic Management (ATM) system, remote pilot and mission control stations on the ground. 
FMS Subsystem Function

Navigation Subsystem (NS)
Determines the state vector (position, attitude, linear and angular velocities) of the spacecraft incorporating a sensor suite, data fusion algorithms and processing logics.
Guidance Subsystem (GS)
Tracks the space vehicle's relative position from the validated trajectory and calculates vertical, turn and reinsertion manoeuvres wherever necessary.
Trajectory Planning and Optimisation Subsystem (TPOS)
Generates optimised atmospheric and re-entry trajectories based on the updated state (NS), dynamics (VDPS), ATM constraints (CS) and vehicle health (VHMS). A set of optimal trajectories is then dispatched to the RPMS and the TNVS for pilot and ATM evaluation and validation respectively.
Vehicle Dynamics and Performance Subsystem (VDPS)
Performs dynamics and performance calculations based on a multimodel architecture, which are primarily used by the trajectory planning/optimisation loop and for vehicle health assessment tasks.
Trajectory Negotiation and Validation Subsystem (TNVS)
Manages the negotiation and validation loops of 4-Dimensional Trajectories (4DT) through the CS with the ground-based ATM systems for safe operations in non-segregated airspace.
Surveillance Subsystem (SS)
Includes Automated Dependent Surveillance Broadcast (ADS-B) receiver and transmitter (In and Out) as well as legacy aeronautical surveillance devices.
Vehicle Data Management Subsystem (VDMS)
Manages data storage of all the spacecraft parameters and interacts with other subsystems for data retrieval and analysis.
Vehicle Health Management Subsystem (VHMS)
Manages the health conditions of the spacecraft by monitoring the data obtained from other components and dispatches reports to the RPMS for downlinking via the CS.
Vehicle Integrity Management System (VIMS)
Assesses and manages the integrity levels of Communication, Navigation and Surveillance (CNS) systems and generates caution and warning flags when the set threshold limits are exceeded. 
URSV Specifications
The URSV flight phases are designed as: flight in the lower atmosphere (up to 50 km), flight in the upper atmosphere until the Earth's environment (up to 250 km), flight beyond the Earth's environment (above 250 km till the orbit), flight in the designed orbital, initial descent re-entry and flight in the upper atmosphere, pseudo-equilibrium glide and TAEM phase. The characteristics of the URSV including mission, constraint data for re-entry and Terminal Area Energy Management (TAEM) are presented in Table 2 . 
Re-entry Trajectory Generation
The nominal re-entry phase of the URSV [9] begins at an altitude of around 120 km with a target speed of around Mach 25. The excessive energy is dissipated in order to attain the TAEM interface at the specified conditions. The re-entry is divided into two phases: initial descent and pseudoequilibrium glide. Initial descent takes place from an altitude of 120 km to 80 km, where the atmospheric density is too low. During this phase, the vehicle experiences a controlled fall. Pseudoequilibrium glide is a major portion of re-entry. The flight path angle is very small and all of the path constraints are taken into account in this phase. Since there is limited power to change α over a major portion of the hypersonic re-entry, modulation of µ is considered as a key control parameter. Banking manoeuvres provide an efficient way to dissipate the excess energy and at the same time makes it possible to achieve the desired range. Based on the entry conditions, the actual state vector, path and dynamic constraints, a reference trajectory is generated by the TPOS consisting of altitudevelocity profile, drag acceleration profile. Reference altitude and velocity profiles are calculated by integrating the Equations of Motion (EoM). A reference α profile is identified. The re-entry energy corridor is then constructed based on the calculated upper and lower altitude/velocity limits. The necessary drag-energy profile is calculated and is used to determine the value of µ. Based on the µ profile, the trajectory is integrated up to the TAEM interface and the cross-range at TAEM interface is estimated. The objective of bank reversal logic is to minimise such cross-range error. By applying α and µ modulation and integrating the EoM, the complete trajectory is generated. where 'r' is the radial distance from centre of the Earth to the URSV in meters, 'θ' is the geodetic longitude in radians, 'φ' is the geodetic latitude in radians, 'V' is the velocity in m/s relative to the Earth surface, 'γ' is the flight path angle in radians and 'ψ' is the velocity azimuth angle in radians.
The effect of wind and other atmospheric disturbances is assessed in the model validation. With the assumptions of no side-slip, non-rotating Earth and motion in vertical plane only (i.e., cos μ = 1), the EoM are simplified. The path constraints pertaining to heat flux, dynamic pressure and g-load form the upper boundary of the entry corridor. In general, we have: Q ≤ Q (7) |L cos α + D sin α| ≤ n (8) where 'Q ' is the max heat flux in W/m , 'n ' is the max g-load factor, 'L' and 'D' are the lift and drag aerodynamic accelerationsin m/s . The lower boundary of the corridor is given by the steady glide equilibrium and the higher boundary is given by the lower of the following maximum drag accelerations [9] expressed as:
where 'q ' is the maximum dynamic pressure in N/m , 'S'is the wing reference area in m , 'C ' is the lift coefficient, 'C ' is the drag coefficient, 'm' is the mass of the vehicle in kg and 'g' is the acceleration due to gravity in m/s 2 . The constant 'C' is given by [9] :
where 'ρ ' is the Atmospheric density at sea level in kg/m and 'R 'is the vehicle nose radius in m. A reference drag-acceleration profile is then generated such that the URSV lies within the entry corridor and takes into account a specified trajectory length. A 3-segment linear profile is adopted for the reference drag acceleration profile [9] , where D 1 (E), D 2 (E) and D 3 (E) are the three drag segments. D and D are initial and final values of drag acceleration, respectively. E and E are the initial energy at re-entry and the final energy at TAEM interface, respectively. D is the constant drag of the intermediate segment. E and E are the energies corresponding to the boundary values of the constant drag. The trajectory length, 'S' is given by:
By assuming an initial estimate of the trajectory length, the only unknown variable in the above equation is D , which is obtained by using secant method [9] . Most of re-entry algorithms assume a determined α profile. Though there is no specific method for determination of such profile, a general guideline is that α should be set close to its maximum value, α during the initial part of re-entry and it should be switched to α / at a determined altitude before TAEM interface. The value of µ is derived from the constructed drag acceleration profile. The second derivative of drag acceleration with respect to energy isgiven by [8, 9] :
where: The heading of the vehicle relative to the desired heading at TAEM interface is continuously monitored and whenever the difference between the two exceeds a predefined threshold, the direction of μ is reversed. For evaluating the states with respect to tolerance values, error analysis was performed on the trajectories obtained in the longitudinal profile considering velocity, altitude and flight path angle deviations from the nominal value. 2 σ error parameters used in the stochastic case are from [10, 11] where 'ρ' is atmospheric density in kg/m and 'S ' is reference surface area of the URSV in m .
Simulation Results
After the reference altitude-velocity profile has been constructed imposing α to be constant at 45° and μ to zero, an entry corridor is identified in the drag-energy plane and reference 3-segment drag acceleration profile is constructed for the vehicle under consideration as illustrated in Fig. 2 . The upper boundary corresponds to the maximum heat flux and maximum g-loads. The lower boundary corresponds to the minimum lift. The updated α and μ profiles are obtained after the dragenergy profile is created. Angle of attack is set to a maximum of 45° during the initial part of reentry to minimize heating and modulated near the TAEM interface to obtain the maximum lift-todrag ratio. The total range covered in re-entry phase is 9378 km. By using Monte Carlo sampling technique, the errors in the vertical profile are analysed for 100 samples and the mean and standard deviation [ 
Conclusions and Future Work
The architecture of a Flight Management System (FMS) of an Unmanned Reusable Space Vehicle (URSV) was presented, with special focus on functionalities for trajectory planning for atmospheric re-entry. The different flight phases of the space vehicle were identified and hypersonic re-entry and
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Terminal Area Energy Management (TAEM) were addressed as the two major phases of the atmospheric re-entry. A novel on-board trajectory planning algorithm based on the drag-energy profile was developed for the hypersonic re-entry phase. Angle of attack (α) and bank angle (μ) modulation were used to shape the re-entry trajectory. Simulation case studies were performed for the re-entry phase and the results demonstrated the FMS suitability to generate efficient trajectory profiles that satisfy given constraints. Future work is envisaged in including all other flight phases including orbital flight and to address the future 4D Trajectory Based Operations (4D-TBO) in an Environmentally Sustainable aviation (ESA) context [12] .
